Background: Age-related differences in diabetes outcomes are important both for clinical and policy considerations. To clarify the basis of such differences, we investigated patterns of associations for age in relation to hospitalization and glycemic control and examined the role of other factors.
Background
The recent epidemic of type 2 diabetes is a global concern [1, 2] . The rise in the prevalence of diabetes has become increasingly alarming, as it has coincided with population aging. South Korea (hereafter Korea) has one of the fastest aging population in the world and this has been accompanied by a surge of diabetes among the older population. According to a representative Korean national survey [3] , the standardized prevalence of diabetes among adults aged over 30 increased from 8.9% to 10.1% between 2001 and 2010, while the corresponding figure for those aged 65 or older was 16.6% to 22.7%. This is a major concern as older diabetic patients are known to have more complications [4] , and a higher rate of hospitalization [5] [6] [7] , and mortality [8] . However, the majority of studies, both those using community and patients based samples [9] [10] [11] [12] [13] including Korean studies [3, 14] , consistently have shown a clear inverse relationship between age and glycemic control among diabetic patients, though some studies [15, 16] only observed better glycemic control among the oldest-old age group. Overall, this suggests that better glycemic control and other adverse consequences co-exist amongst older diabetic patients. To date, research has focused on such outcomes separately; only a few previous studies [9, 11, 17] have pointed out the inverse association between age and glycemic control versus other important diabetes-related outcomes and none of them has actually examined the associations.
Furthermore, there is some evidence that the relationship between age and better glycemic control may be simply attributed to other characteristics such as BMI (body mass index) [18] and duration of diabetes [19] . Older patients with diabetes tended to be leaner than younger patients, and so this may explain their better glycemic control. Similarly, some studies have shown that age affects glycemic control mainly through the interaction with duration of disease [20] , others have only found this effect for those aged 80 and over [19] , while other studies found persistent effects of age even after consideration of duration of diabetes [11, 13, 21] . Thus, to clarify these age-related associations, we investigated whether age predicts a greater likelihood of hospitalization and better glycemic control in older patients with type 2 diabetes and, if so, whether the association is independent of other covariates.
Diabetes is a major source of potentially avoidable hospitalization. It is broadly described as an ambulatory care-sensitive condition, for which the provision of quality out-patient care may play a critical role [22] . However, the direct cost of diabetes attached to inpatient care is considerable and on the rise [23] and thus the identification of factors linked to an increased risk of hospitalization may enable considerable financial savings. This is particularly important in the Korean context, where the gap in diabetes management is highlighted by the very high rates of hospitalization relative to the moderate prevalence of diabetes [24] . Consequently, there has been a growing demand for research to examine the risk factors for increased hospitalization [6, 25] . To assess the prevalence of hospitalization, we investigated measures for quality of diabetes care such as continuity of care, defined as the provision of diabetes care by a usual provider for a period [26] , in relation to two patient outcomes (i.e., hospitalization and glycemic control).
Based on a large nationally representative sample linked to clinical data, we aimed to address whether 1) the patterns of age-related associations differ between hospitalization and glycemic control, 2) the age-related associations are independent of other common characteristics of patients with diabetes, and 3) a set of risk factors from various areas are differently associated with hospitalization and glycemic control in direction and magnitude.
Methods

Study population
For the current study, 4471 patients diagnosed with diabetes were selected from the Korean National Health Insurance claims data. Korean National Health Insurance is a compulsory enrolment scheme and covers the whole population. Data for 989,887 people from the Korean National Health Insurance were retrospectively collected from January 2001 to December 2009 (Korean National Health Insurance Cohort). The full details of the data construction procedures are described elsewhere [27] . Briefly, the data were drawn based on eight stratification variables (i.e., gender, age, occupation, residential area, types of health insurance, level of premium, mortality and regular health check-up) to proportionately represent 2% of the Korean population and included a variety of information on medical records and laboratory tests.
Several inclusion criteria were applied to deliver the sample used in the current study. Firstly, type 2 diabetic patients aged between 40 and 79 in 2007 were identified from the cohort (n = 60397), via a primary or a secondary diagnosis from insurance claims data, according to the Korean coding system based on ICD 10. Those aged 80 and over were excluded, due to the survival effects often observed for the extremely old age group [16] . Secondly, of those, patients who had been diagnosed at 2001 or who were newly diagnosed between 2002 and 2006 were retained as a baseline sample and followed-up from 2007 to 2009. We excluded those who were newly diagnosed with diabetes after 2007 due to the large variation seen in early years of the disease. Thirdly, patients who made outpatient visits for diabetes less than four times between 2007 and 2008 were also excluded to provide robust measures for some estimates and to assure diagnosis validity. Fourthly, data were further restricted to allow linkage with health examination records including laboratory tests, which were taken as part of the regular national health examination depending on varying eligible criteria (i.e., age and gender). This left 4471 type 2 diabetic patients who met these criteria. Ethical approval was obtained from Institutional Research Board at Konyang University and this study conducted through a secondary data analysis without a personal identifier.
Measures
The two outcome variables, hospitalization and glycemic control indicated by fasting plasma glucose (FPG), were collected in 2009, the last year of the 9 year follow-up period. Hospitalization was defined as occurring when a patient was admitted for more than one day for a primary or a secondary diagnosis of diabetes, cardiovascular disease, cerebrovascular disease, or renal disease. For glycemic control, a value of FPG greater than 126 mg/dL was taken to indicate hyperglycemia in accordance with the American Diabetic Association (ADA)'s recommendation [28] . If there were more than two FPG values within 2009, the last measurement was used.
A range of predictors were mostly measured over 2007-2008, unless otherwise specified. Age at 2007 was categorized into four groups (ages 40-49, 50-59, 60-69 and 70-79). These groups were aggregated into two groups (ages 40-59 and 60-79) for some analyses. Predictors from the health examination records (i.e., FPG, blood pressure, total cholesterol and BMI) were drawn from 2007 or 2008. When data from more than one laboratory were available, the data collected closest to the 31st December 2007 were selected. Binary variables for hypertension and hypercholesterolemia were defined according to recent ADA and National Cholesterol Education Program Expert Panel recommendation [28, 29] respectively: whether they reached levels of systolic blood pressure (SBP) ≥ 140 mmHg or diastolic blood pressure (DBP) ≥ 90 mmHg and total serum cholesterol ≥240 mg/ dL. BMI (kg/m 2 ) was calculated using height and weight and categorized into three groups; normal (<25), overweight (25-29.9) , and obese (≥30). Prior hospitalization between 2007 and 2008 and prior glycemic control were defined for the same categories as defined above. FPG values from two different years were at least six months apart to represent glycemic control over a different period.
Other clinical characteristics at 2008 included duration of diabetes (three categories; 3-5, 6-8 and ≥9 yrs) and number of complications (three categories; 0, 1-2 and ≥3). Diabetic complications were counted, depending on the presence of six categories of micro-vascular (i.e., nephropathy, retinopathy, and neuropathy) and macro-vascular complications (i.e., peripheral vascular disease, cerebrovascular disease, and cardiovascular disease). Health service utilization measures included types of main medical institution attended (five categories; public health centre, clinic, hospital, general hospital and tertiary hospital) and continuity of care measured with continuity of care index (COCI) to assess levels of continuity of the physicianpatient relationship [25, 30] .The equation for COCI is:
where N = total number of visits, n j = number of visits to provider j, and M = total number of providers. COCI measured over two years (2007) (2008) ) ranged between 0 and 1 (the higher the value the higher the continuity) and was dichotomized into two groups; having been seen always by the same physician (COCI = 1) vs not always (COCI < 1). The cost of the Korean national health insurance premium was calculated based on an individual's financial status, which was transformed into quartile as a marker for socioeconomic status.
Statistical analysis
We first conducted simple bivariate analyses to assess the associations of age and covariates with hospitalization and glycemic control using Chi-square tests. Then, multivariate associations were assessed using logistic regression. We undertook two models fitted with different adjustments for covariates to evaluate the pattern of associations of various risk factors with hospitalization and glycemic control. Firstly, Model 1 was fitted for each predictor with only a basic adjustment for gender and age. Secondly, additional adjustments were made for all other variables; prior hospitalization, prior glycemic control, hypertension, hypercholesterolemia, BMI, duration of diabetes, number of complications, types of main medical institution attended, continuity of care, and level of insurance premium (Model 2). To assess the independent association of age with hospitalization and glycemic control, the analyses were repeated on the basic model (i.e., gender and age only model) with separate adjustments for each predictor and which was then compared to the magnitude of the association in the basic model. As a further check, we tested interactions between age and each predictor to see whether the associations between age and hospitalization and glycemic control depended on the level of other variables. For a graphical illustration of the relationship, adjusted prevalence was presented. Adjusted prevalence was calculated by applying the parameter estimates to the mean values of variables, based on the logistic regression model with age and each predictor (as one combined variable, x 1 ) and gender (x 2 ). gth stratum of x 1 (probability P g (x 1 )) can be written;
Apart from the calculation of adjusted prevalence which was done manually, analyses were performed using SAS 9.1 for Windows.
Results
Among a total of 4471 patients with diabetes followed for 9 years, about half (48.8%) of participants were aged ≥60 and 46% were female (Table 1) . Compared to the middle-aged group, the older group had relatively better glucose management both in 2007 and 2009 and a lower BMI in 2007. However, the group had greater rates of hospitalization in both years and higher BP and total cholesterol levels. A more frequent diabetes-related hospitalization and complications, longer duration of diabetes and lower continuity of care were seen among the older patients.
The bivariate relationships between predictors and both outcomes are shown in Table 2 . Female patients were less likely to have poor glycemic control. Age was the only factor that showed opposing and statistically significant patterns of association with hospitalization (9.6% for the youngest group vs 16.8% for the oldest group, p < 0.001) and poor glycemic control (63.7% for the youngest group vs 43.7% for the oldest group, p < 0.001). The pattern of association between age and both hospitalization and controlled glucose was gradual across age groups. Prior hospitalization and prior poor glycemic control strongly affected the recurrence of each outcome but with no cross-associations. For example, 23.1% of those with a prior history of hospitalization had been readmitted in two years later, while this was true for only 10.2% of those without a prior history. Hypertension and high total cholesterol level were unfavourably associated with better glycemic control. Compared to those with a short duration of diabetes, those with a long duration of diabetes had both higher rates of hospitalization and more frequent poor glycemic control. A greater number of complications and poor continuity of care predicted frequent hospitalization but not glycemic control. No statistical associations were seen for BMI, types of main medical institution attended, and the amount of health insurance premium. In the logistic regression analyses (Table 3) , older age was associated negatively with hospitalization and positively with glycemic control. To illustrate, compared with the 40-49 age group, the 70-79 age group had an increased likelihood of hospitalization (OR = 1.97, 95% CI = 1.28, 3.04), but a decreased likelihood of poor glycemic control (OR = 0.45, 95% CI = 0.37, 0.56). These associations remained significant even with additional adjustments for covariates, though a large reduction was observed in the magnitude of the association between age and hospitalization. Prior hospitalization and prior poor glycemic control were strong predictors for later hospitalization and later poor glycemic control respectively, but not for the other. Hypertension and duration of diabetes were commonly related to both outcomes. For example, a longer duration of diabetes was associated with higher risks relative to a shorter duration of diabetes, shown by ORs for ≥9 yrs vs 3-5 yrs of 1.83 (95% CI = 1.36-2.43) for hospitalization and of 1.50 (95% CI = 1.31, 1.73) for poor glycemiccontrol. Adjusting for covariates only slightly reduced the magnitude of associations. Patterns of association were similar for the number of complications and continuity of care with strong associations only with hospitalizations. Hypercholesterolemia only showed associations with poor glycemic control and a substantial reduction in the magnitude of association was observed after adjustment. There was no evidence that BMI was associated with hospitalization and glycemic control. When testing an independent association of age for the two outcomes, ORs for age was attenuated slightly with a simultaneous adjustment for each predictor, suggesting that age has an independent association. The largest change in the OR for age was observed following the adjustment for continuity of care in the association with hospitalization (13.8% reduction in the OR between 70-79 vs 40-49 from 1.97 to 1.72) (Table 4) . Finally, there was little evidence of a moderating effect of other predictors on the associations between age and two outcome variables, except for continuity of care for hospitalization (p for interaction <0.001); the association between age and hospitalization was stronger for those with low continuity of care than those with high continuity of care (Figure 1 ). 
Discussion
About half (51.9%) of the patients with diabetes achieved the conventional goal of glycemic control (FPG < 126 mg/ dL) and better glycemic control was observed among the older groups. Age was associated with both hospitalization and poor glycemic control, but in opposite directions. The trend remained after adjustment for covariates, suggesting that age is a major independent predictor both for a greater risk of hospitalization and for better glycemic control. No interactions were observed for any combination of age and other covariates, except for age and continuity of care for hospitalization. Factors were differently associated with increased hospitalization and poor glycemic control. For example, metabolic control, such as the levels of FPG and total cholesterol, was an important predictor for poor glycemic control, while prior hospitalization, number of complications, and continuity of care only predicted a higher risk of hospitalization. Hypertension and a longer duration of diabetes were unfavourably related to both outcomes, but no effect was observed for BMI.
Methodological consideration
This study has several strengths; i) it is nationally representative with diabetic patients from various types of hospitals and clinics, while other studies have focused solely one level of health delivery (i.e., only hospital patients [5, 31, 32] or only primary care patients [7] ), or narrowly targeted patient recruitment from a few clinics [31, 32] ; ii) it included a range of clinical variables including laboratory data, which have rarely been investigated concurrently, primarily because of the limited availability of such data; and iii) substantial adjustments were made for possible confounding factors such as BMI and continuity of care, which seem to involve age-related differences in diabetes outcomes. We also note some limitations. Though HbA1c has been acknowledged as a primary test for monitoring of glycemic control, a single measure of FPG was used for an assessment of glycemic control, as HbA1c was not a routine measure in health examinations by Korean National Health Insurance. Even with this limitation, FPG could provide a certain value on the grounds that day-to-day management of diabetic patients including self-monitoring is frequently based on glucose level and some studies support a direct correlation between FPG and HbA1c [33] . Second, whilst the diagnosis of diabetes using insurance claims data can be prone to some inaccuracy, this may not be a major issue in the current study, as we included patients only when they provided health records of diabetes care for at least four (for participants who included in 2006) and to nine (for those who included in 2001) consecutive years. The reliability of diabetes diagnosis was assured by results from a validity study with Korean National Health Insurance Data, which found diagnostic accuracy of 87.2% for in-patients and 72.3% for out-patients [34] . Thirdly, though the glucose levels of those who were on diabetes medication may have been influenced by types of treatment [11] , we did not deal with treatment modality because of the lack of relevant information. As such, we could not examine the possibility, if strict glycemic control among older patients is primarily attributable to treatment choice.
Interpretation and comparison with previous studies
Tighter glycemic control increased incrementally with age. This was contrary to the association between age and hospitalization which showed a consistent increase with advancing ages, correspondingly to the progressive nature of the disease. There are several possible explanations for these findings; true age effects, confounding effects due to characteristics other than age, or a combination of these. In a prior study with a community sample [16] , age was not a main predictor in a multivariate analysis, though the best glycemic control was observed among the oldest group. In contrast, other studies [9] [10] [11] 20] have shown that the age effect remained even after adjustments for duration of diabetes, treatment modality, BMI and emotional distress, supporting the true age effects, which was similarly noted in the current study.
One interpretation is that the older diabetic patients are more susceptible to glycemic control, partly as a result of the increased need for higher dosage and intensified medications to control blood glucose [35] . Consequently, blood glucose values amongst older patients are likely to fluctuate over time and at the same time to have a higher risk of hypoglycemia, and thereby result in a lower average of blood glucose level [36] . This indicates that tight glucose control may have little benefit among older diabetic patients. Second, as evidence [37] suggests, early-onset diabetes may represent different phenotype, with greater beta-cell dysfunction, than late-onset. This may offer a potential explanation as to why younger age is associated with poor glycemic control, though we could not confirm whether the onset of diabetes in middle-aged patients is earlier than that of older patients.
We examined the role of covariates for confounding and mediating effect in the associations between age and hospitalization and glycemic control. A simultaneous adjustment between age and each covariate generally resulted in small changes in the age effect. With a large change in the magnitude, continuity of care partially accounts for the association between age and hospitalization. Additionally, a significant interaction was observed between continuity of care and age for hospitalization; there was a more noticeable benefit of continuity of care for hospitalization among the young patients with diabetes, but less benefit among the older patients. Most likely, worsened glycemic control leads to a higher continuity of care among the older patients rather than vice versa. Though the explanation is tentative and requires further confirmation, this carries particular policy implications in Korea, where referrals between specialist and primary care are loosely organized with the shortage of general practitioners. In Korea, the decision of which type of clinic to go for treatment largely depends on the patient's own choice and they are easily directed towards a discontinuation of coordinated care. Thus, this finding suggests that improving continuity of care may be an effective intervention to respond to gaps in diabetes care in Korea.
We found that risk factors were different for hospitalization and glycemic control. Metabolic control such as glucose and total cholesterol level predicted glycemic control well but did poorly on hospitalization, while prior hospitalization, number of complications, and continuity of care were associated with hospitalization but not with glycemic control. Particularly, associations with hospitalization were modestly affected by glycemic control (i.e., achieving FPG < 126 mg/dL), not reaching statistical significance (p = 0.08 in multivariate analysis). One possible interpretation would be that, as seen in some previous studies [38, 39] , the association with glucose level may be less obvious with non-cardiovascular diseases than that in cardiovascular diseases. To confirm if this is the case, sub-categories of hospitalization in this study may need to be differentiated, which would be worthwhile for a future study. Alternatively, the older diabetic patients have a higher risk of hospitalization due to hypoglycaemia [35] , which generates a U-shaped association between glucose level and hospitalization [40] , although some studies [7, 31] supported linear or threshold effects. In general, different sets of risk factors partially explain the disparity between a higher hospitalization and a better glycemic control amongst older diabetic patients and suggest a more comprehensive approach to reduce hospitalization. This implies that the current threshold of FPG used to indicate a conventional treatment goal might not be sufficient by itself to identify the risk of hospitalization among older patients with diabetes. Therefore, our findings provide support for the recent guidelines [41] , which outlined an individualized approach with the recognition of wide functional heterogeneity and clinical complexity common in older patients with diabetes.
Conclusion
A higher hospitalization among the older diabetic patients appeared in the presence of better glycemic control. The disparity between increased hospitalization and improved glycemic control highlighted a difficulty in treatment decisions for older diabetic patients. Factors were differently associated with these two outcomes, providing more comprehensive risk profiles for hospitalization. An emphasis on a geriatric evaluation to include functional and comorbidity status should be addressed for the care of older diabetic patients.
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